Background: Cholesterol transporters ABCA1 and ABCG1 export excess cellular cholesterol and protect against atherosclerosis. Results: Cholesterol loading decreases cellular degradation of ABCA1 and ABCG1 and also their ubiquitination. Conclusion: Cholesterol-dependent suppression of ABCA1 and ABCG1 ubiquitination decreases their proteasomal degradation. Significance: This mechanism enhances the capacity of cholesterol-loaded cells to export their excess cholesterol.
The objective of this study was to examine the influence of cholesterol in post-translational control of ABCA1 and ABCG1 protein expression. Using CHO cell lines stably expressing human ABCA1 or ABCG1, we observed that the abundance of these proteins is increased by cell cholesterol loading. The response to increased cholesterol is rapid, is independent of transcription, and appears to be specific for these membrane proteins. The effect is mediated through cholesterol-dependent inhibition of transporter protein degradation. Cell cholesterol loading similarly regulates degradation of endogenously expressed ABCA1 and ABCG1 in human THP-1 macrophages. Turnover of ABCA1 and ABCG1 is strongly inhibited by proteasomal inhibitors and is unresponsive to inhibitors of lysosomal proteolysis. Furthermore, cell cholesterol loading inhibits ubiquitination of ABCA1 and ABCG1. Our findings provide evidence for a rapid, cholesterol-dependent, post-translational control of ABCA1 and ABCG1 protein levels, mediated through a specific and sterol-sensitive mechanism for suppression of transporter protein ubiquitination, which in turn decreases proteasomal degradation. This provides a mechanism for acute fine-tuning of cholesterol transporter activity in response to fluctuations in cell cholesterol levels, in addition to the longer term cholesterol-dependent transcriptional regulation of these genes.
Cholesterol is an essential component of all mammalian cell membranes and is important for normal cell function. However, accumulation of excess cholesterol can be harmful, leading to toxicity at the cellular level and to disease states such as atherosclerosis in specific tissues. Most cells are able to actively export excess cholesterol to acceptors such as apolipoprotein A-I (apoA-I) 3 and HDL, the first step in the process of "reverse cholesterol transport" in which cholesterol is delivered from peripheral tissues to the liver for eventual excretion. Cholesterol export is mediated by several membrane cholesterol transporters, including ABCA1 and ABCG1. ABCA1 mediates export of cholesterol and phospholipids to lipid-poor acceptors such as apoA-I, whereas ABCG1 can mediate sterol export to lipidated acceptors such as HDL. Working together, ABCA1 and ABCG1 appear capable of mediating most cellular cholesterol export (1) (2) (3) .
Cholesterol accumulation in many cells is associated with substantial increases in ABCA1 and ABCG1 mRNA and protein levels, consistent with their roles in cell cholesterol homeostasis. ABCA1 and ABCG1 mRNA expression is highly regulated at the transcriptional level, largely through nuclear liver X receptors (LXR) and retinoid X receptor. In particular, cholesterol-dependent transcription is regulated through ligand-mediated activation of liver X/retinoid X receptors, involving cellderived intermediates such as 24,25-epoxycholesterol (4, 5) and desmosterol (6) . However, the observed discordance between ABCA1 mRNA and protein levels in some tissues suggests that ABCA1 protein is also controlled by post-translational mechanisms in vivo (7) . In vitro studies have confirmed that ABCA1 is highly regulated post-translationally, largely through control of its rate of degradation. ABCA1 protein turnover is reduced by exposure of cells to apolipoprotein A-I (8) and stimulated by unsaturated fatty acids (9) . ABCA1 turnover is also controlled by intracellular proteins such as oxysterol-binding protein (10) and ␣1-syntrophin (11) . Post-translational control of ABCG1 protein is less well studied, although it has been reported that 12/15-lipoxygenase activity promotes ABCG1 degradation in murine macrophages, leading to a corresponding decrease in cholesterol efflux to HDL (12, 13) . We recently reported that in addition to the ubiquitously expressed ABCG1-666, humans also express ABCG1-678, another isoform (not found in rodents (14) ) with an extra 12-amino acid peptide between the ABC cassette and the transmembrane region (15) . When expressed separately in CHO cells, ABCG1-678 is more rapidly degraded than ABCG1-666, apparently mediated via a PKA phosphorylation site near the 12-amino acid region of ABCG1-678, which implies an extra level of complexity to the post-translational control of this transporter (16) .
The atheroprotective functions of ABCA1 and ABCG1 appear to depend on their abilities to mobilize cell cholesterol. We therefore considered that cell cholesterol status might exert additional, post-translational control over their expression and activity. Excessive accumulation of unesterified cholesterol is already known to accelerate ABCA1 protein degradation (17) . However, the effect of more subtle pathophysiological changes in cell cholesterol content on ABCA1 and ABCG1 expression has not been explored. In the present study, we report that modest cell cholesterol loading specifically preserves ABCA1 and ABCG1 protein levels by retarding their degradation. We provide evidence that ABCA1 and ABCG1 turnover is mediated largely by proteasomal proteolysis and that modest elevation of cell cholesterol levels is associated with a substantial reduction in their ubiquitination. We suggest that cholesterolsensitive post-translational regulation of the turnover of these transporter proteins may represent an additional mechanism by which cells can rapidly fine-tune their cholesterol export activity.
EXPERIMENTAL PROCEDURES
Materials-Cycloheximide, tunicamycin, thapsigargin, MG132, ALLN, lactacystin, chloroquine, cholesterol, ␤-methyl-cyclodextrin, T-0901317, and phorbol 12-myristate 13-acetate were purchased from Sigma. HDL 2 was isolated by ultracentrifugation as previously described (18) . M-PER protein extraction reagent was purchased from Thermo Scientific, and Complete protease inhibitor tablets were from Roche. TrueBlot beads were purchased from Jomar Biosciences, and 1␣,2␣(n)-[ Cells-Chinese hamster ovary cell lines stably expressing either human ABCA1 (ABCA1-CHO) or human ABCG1 (ABCG1-666-CHO or ABCG1-678-CHO) were generated in our laboratory and cultured as previously described (1, 15, 19) . ABCA1-CHO cells were treated for 24 h with tetracycline (1 g/ml) to induce expression of the transporter. CHO cells stably expressing human SRBI (hSRBI-CHO) (20) were kindly provided by Prof. Dr. Bernd Engelmann (Ludwig-MaximiliansUniversität München) and maintained under geneticin selection (Invitrogen; 0.5 mg/ml). These cells stably overexpress the ϳ82-kDa glycosylated form of SRBI.
All CHO lines were ϳ70% confluent at the time of experiments. THP-1 monocytes (American Type Culture Collection) were maintained in RPMI 1640 medium containing 10% (v/v) FBS, L-glutamine (2 mM), penicillin (100 IU/ml), and streptomycin (100 g/ml). The cells were treated with phorbol 12-myristate 13-acetate (50 ng/ml) for 3 days to induce differentiation to macrophages and pretreated with LXR agonist T0901317 (1 M) for 24 h to induce expression of ABCA1 and ABCG1. (19) . MW, molecular mass.
Sterol Loading-Soluble cholesterol/cyclodextrin (cholesterol/ CD) complexes were prepared as previously described (21) and incubated with cells (usually at 20 g cholesterol/ml) for up to 8 h. To measure cholesterol loading, cells were lysed in 0.2 M sodium hydroxide, then extracted, and analyzed by HPLC as previously described (22) .
Western Blotting-Cells were lysed in M-PER containing Complete protease inhibitors and subjected to SDS-PAGE and Western blot analysis as previously described (1, 19) . The antibodies used were ABCG1, rabbit polyclonal (Novus, 1:2500); ABCA1, rabbit polyclonal (Novus, 1:1000)) or mouse monoclonal (Life Research; 1:2500 or Abcam 1:2500); EEA1, rabbit polyclonal (Upstate, 1:2000); Na ϩ /K ϩ ATPase ␣-1, mouse monoclonal (Upstate,1:10,000); SR-BI, rabbit polyclonal (Novus 400-104, 1:2500); transferrin receptor, mouse monoclonal (Invitrogen, 1:700) ␣-tubulin, mouse monoclonal (Sigma, 1:10,000); and ubiquitin, mouse monoclonal (Covance, 1:5000). Protein detection was by chemiluminescence (ECL; Amersham Biosciences), and quantitation of protein bands was performed using ImageJ (National Institutes of Health).
Representative full-length Western blots of ABCA1 and ABCG1 are shown in Fig. 1 . Human ABCG1 has an apparent molecular mass of 67 kDa and is the single protein detected in ABCG1-CHO cells, consistent with previous reports in this (1) and other cell types, including THP-1 macrophages (23) (24) (25) . In THP-1 macrophages, we found that expression of the 67-kDa band is strongly up-regulated by preincubation with T0901317 but is lost when ABCG1 is stably silenced (19) . Other nonspecific protein bands are also detected in THP-1 macrophages, but they are not altered by LXR induction or silencing. Human ABCA1 has an apparent molecular mass of ϳ260 kDa in both ABCA1-CHO cells and THP-1 macrophages, consistent with other reports (8, 26) . It is the major protein detected in tetracycline-induced ABCA1-CHO cells but is not seen when tetracycline is omitted. In THP-1 cells, another protein of ϳ70 kDa was detected but was unaffected by LXR induction. In all THP-1 blots, control lysates with or without LXR induction were included, and only the LXR-sensitive 67-and ϳ260-kDa bands were used to quantitate ABCG1 and ABCA1 expression, respectively.
ABCA1 and ABCG1 Immunoprecipitation and Detection of Ubiquitination-Cells were incubated for 8 h in medium containing 0.5% (v/v) FBS, MG-132 (10 M) with or without cholesterol/CD (20 g of cholesterol/ml), and then lysed in M-PER containing Complete protease inhibitors. For ABCG1 cells, equal amounts of protein (1-2 mg) were precleared and then incubated overnight at 4°C with anti-rabbit beads (TrueBlot) and rabbit polyclonal anti-ABCG1 (Novus). The beads were washed and heated in sample buffer at 100°C for 5 min, and then the proteins were separated by SDS-PAGE and detected by immunoblotting. For ABCA1 cells, the protocol used antimouse beads (TrueBlot) and mouse monoclonal anti-ABCA1 (Life Research).
Cholesterol Efflux-Cells were preloaded with [ 3 H]cholesterol for 24 h and then incubated with or without unlabeled cholesterol/CD (20 g cholesterol/ml) for 8 h. The cells were then washed, equilibrated for 30 min in serum-free medium, and incubated in fresh medium containing 0.1% (w/v) BSA Ϯ HDL 2 (10 g protein/ml) for 4 h. Samples of cells and media were collected and counted for radioactivity. Efflux of [
3 H]cholesterol into the medium was calculated as a percentage of the total radioactivity (cells ϩ medium) in the system. ABCG1-specific efflux to HDL was calculated as the difference in percentage efflux between CHO cells expressing ABCG1-678 and nontransfected CHO cells; ABCA1-specific efflux was calculated as the difference in efflux rates between ABCA1-CHO cells with or without tetracycline induction.
Data Analysis-Experimental kinetic data were fitted to a first order rate equation using a nonlinear least squares fitting program (Prism). Comparison of two groups used a Student's t test (Prism). A p value Ͻ0.05 was considered statistically significant.
RESULTS

Influence of Cell Cholesterol Status on ABCG1 Protein
Expression-Our previous observation of a difference in the relative stabilities of ABCG1-678 and ABCG1-666 led us to further examination of factors affecting ABCG1 protein expression, including cellular cholesterol status. To achieve this, CHO cells stably expressing either isoform were transferred from normal growth medium (10% FBS) to either low cholesterol medium (0.5% FBS) or cholesterol-enriched medium (0.5% FBS supplemented with soluble cholesterol/cyclodextrin complex (20 g cholesterol/ ml) for up to 8 h.
The effects of this treatment on ABCG1-678 are shown in Fig. 2 . The addition of cholesterol to the medium increased the cell cholesterol level Ͼ2-fold over this period, whereas there was no significant change in control (low cholesterol medium) cells ( Fig. 2A) . In both basal and cholesterol-loaded conditions ϳ20% of cholesterol was esterified (data not shown). Cholesterol loading resulted in significantly higher ABCG1 protein levels, relative to the nonloaded cells (Fig. 2B) , and significant differences between the groups could be detected as early as 1 h after the addition of cholesterol (Fig. 2C) . CHO cells express very low levels of endogenous ABCG1, the constitutive expression of human ABCG1 in these cells is driven by a cytomegalovirus promoter (which is insensitive to cholesterol), and we confirmed that ABCG1 transcription was unaffected under these conditions (Fig. 2D) . Thus cholesterol loading most likely increases ABCG1 protein levels by a post-transcriptional mechanism. Conversely, depletion of cell cholesterol by inhibition of cholesterol synthesis using compactin/mevalonate (Fig.  2E ) or by treatment with 0.2% (w/v) cyclodextrin (data not shown) was associated with reduced ABCG1 protein, relative to controls. The increased ABCG1 protein level in cholesterolloaded cells was associated with increased ABCG1-dependent cholesterol efflux to HDL (Fig. 1F) .
ABCG1 protein levels reflect a balance between cellular synthesis and degradation. To test whether cholesterol loading raised ABCG1-678 protein levels by inhibiting its degradation, cells were incubated with or without cholesterol in the presence of cycloheximide to block further protein synthesis (Fig. 3A) . Under these conditions, any changes in ABCG1 protein levels reflect an altered rate of degradation. Initial studies established that cell viability was not affected by these conditions (data not shown). In control cells, ABCG1-678 protein levels decreased by ϳ70% over 8 h (first order decay constant, k ϭ 0.157 Ϯ 0.012 h Ϫ1 ), whereas the addition of cholesterol decreased the rate of ABCG1-678 degradation 3-fold (k ϭ 0.046 Ϯ 0.008 h Ϫ1 ). To exclude possible off target effects of cycloheximide, in separate experiments we also measured the effect of cholesterol loading on ABCG1 turnover using pulse-chase decay after labeling with [ 35 S]methionine/cysteine. In these experiments (data not shown), cholesterol loading caused a similar decrease in the rate of ABCG1 loss, further confirming that cholesterol loading retards ABCG1 protein degradation.
The effect of cholesterol on ABCG1-678 protein degradation was time-dependent ( Fig. 3A) and dose-dependent (Fig. 3B) . Furthermore, a synthetic LXR ligand had no effect on ABCG1 protein (Fig. 3C ) under conditions where its activity on endogenous gene expression was strongly stimulated (for example, ABCA1 mRNA; Fig. 3D ), indicating that cholesterol loading does not affect ABCG1 turnover through an LXR-dependent mechanism.
The effects of cholesterol loading on ABCG1-666 protein stability was also measured using ABCG1-666-CHO cells (Fig. 4) . We previously reported that the turnover of ABCG1-666 is significantly slower than ABCG1-678, suggesting that the 12-amino acid segment influences ABCG1 degradation (15, 16) . We were therefore interested to know whether the effect of cholesterol on ABCG1-678 was mediated through this sequence. Here we again confirmed that the degradation of ABCG1-666 is slower than that of ABCG1-678 (Fig. 3A versus  Fig. 4E ). However, ABCG1-666 was also stabilized by cholesterol loading (k ϭ 0.058 Ϯ 0.007 without cholesterol h Ϫ1 versus 0.019 Ϯ 0.007 h Ϫ1 with cholesterol), suggesting that the PKA phosphorylation site in the 12-amino acid segment is not responsible for the effects seen here and that cholesterol-dependent regulation of degradation acts similarly on both isoforms.
Influence of Cell Cholesterol Status on ABCA1 Protein Expression-To determine the selectivity of the effects of cholesterol on ABCG1 turnover, we also examined the effect of cholesterol on ABCA1 stability (Fig. 5 ) using CHO cells stably expressing human ABCA1 under a tetracycline-inducible promoter (19) . Exposure to cholesterol/CD increased cell cholesterol ϳ2-fold (Fig. 5A ), similar to ABCG1-CHO cells ( Figs. 2A  and 4A ). This was associated with increased ABCA1 protein in the cholesterol-treated cells (Fig. 5B) , without significantly altering ABCA1 mRNA expression (Fig. 5C ). Similar to results for ABCG1, cholesterol loading also significantly reduced the rate of ABCA1 degradation (k ϭ 0.316 Ϯ 0.018 h Ϫ1 versus 0.145 Ϯ 0.009 h
Ϫ1
; Fig. 5D ). This reflected a cholesterol-dependent increase in the half-life of ABCA1 (measured in the presence of cycloheximide) from 2.7 Ϯ 0.3 to 5.1 Ϯ 0.7 h (mean Ϯ S.D.; n ϭ 4 independent experiments). Thus cholesterol loading regulates the turnover of both ABCA1 and ABCG1 proteins in CHO cells expressing these transporters.
To determine whether the effects of cholesterol loading on ABCA1 and ABCG1 turnover were specific for these transporters, the impact of cholesterol loading on endogenous levels of other cell proteins (Na ϩ /K ϩ ATPase, EEA1, and ␣-tubulin) was measured in ABCG1-678-CHO cells. Na ϩ /K ϩ ATPase is a transmembrane electrogenic ATPase located in the plasma membrane, EEA1 is a hydrophilic peripheral membrane protein associated with early endosomes, whereas ␣-tubulin is a globular cytosolic protein involved in microtubule formation. In addition, we measured the levels of human SR-BI and endogenous transferrin receptor in CHO cells stably overexpressing SR-BI. Transferrin receptor is a dimeric transmembrane protein involved cellular uptake of transferrin, and SR-BI is a cell surface membrane glycoprotein involved in selective uptake of cholesteryl esters from high density lipoprotein. None of these proteins were affected by cholesterol loading (Fig. 6 ). This suggests that the effects of cholesterol on ABCA1 and ABCG1 protein turnover are relatively selective, although further studies are required to determine whether this mechanism also applies to other proteins subject to rapid regulation of expression through protein turnover.
Cholesterol Loading Inhibits Degradation of ABCG1 and ABCA1 in Human Macrophages-To determine that there was an inhibitory effect of cholesterol loading on the degradation of endogenously expressed ABCG1 and ABCA1, we examined their stability in human THP-1 macrophages. Basal expression of ABCA1 and ABCG1 mRNA in these cells is low (15, 19) , so the cells were preincubated with an LXR agonist (T-0901317) for 24 h to stimulate transporter expression before exposure with or without cholesterol for 8 h in the presence of cycloheximide. Enrichment with cholesterol increased cell cholesterol levels 2-3-fold (Fig. 7A) . The degradation of both ABCA1 (Fig.  7B) and ABCG1 (Fig. 7C ) was retarded by cholesterol loading, and the effect was dose-dependent (Fig. 7, D and E) . Because cycloheximide blocks de novo protein synthesis, the observed effects of cholesterol on protein levels are independent of any direct effects of cholesterol loading on gene transcription. Thus the turnover of endogenous, as well as overexpressed, ABCA1 and ABCG1 proteins are sensitive to cell cholesterol loading. 
Role of Cholesterol-induced ER Stress in ABCA1 and ABCG1
Stability-It has been shown in mouse macrophages that conditions that stimulate cholesterol trafficking to the ER in mouse macrophages lead to ER stress and are associated with accelerated degradation of ABCA1 (17) . Although we observed retarded, rather than accelerated, degradation of ABCA1 and ABCG1 in response to cholesterol loading, we examined the possibility that this was related to cholesterol-induced ER stress. The effects of cholesterol loading or exposure to the ER stressors tunicamycin and thapsigargin on ABCA1 and ABCG1 protein levels were compared in CHO cell lines (Fig. 8) . Under similar conditions, we previously demonstrated that this treatment of CHO cells with tunicamycin or thapsigargin strongly induced several markers of ER stress (expression of GADD4 and phosphorylation of IRE1␣ and eIF2␣), whereas cholesterol loading had relatively little effect (27) . In the present study, neither tunicamycin nor thapsigargin were able to reproduce the effect of cholesterol loading on ABCA1 or ABCG1 stability. A slight increase in ABCA1 was observed in cells treated with thapsigargin, but this did not reach significance (p ϭ 0.06 relative to control). In contrast, ABCG1 protein was slightly but significantly decreased by both tunicamycin (p ϭ 0.038) and thapsigargin (p ϭ 0.001). This indicates that an ER stress response is unlikely to mediate the increased stability of ABCA1 and ABCG1 in cholesterol-loaded cells.
Mechanism of ABCG1 and ABCA1 Protein Degradation-
Earlier studies have shown that proteasomal and calpain inhibitors block degradation of ABCA1 and ABCG1 in mouse and human macrophages (13, 23, 25, 28) . We confirmed that degradation of ABCA1 and ABCG1 was completely inhibited by protease inhibitors MG132 and ALLN in CHO cells (Fig. 9 ) and in THP-1 macrophages (data not shown). At the concentrations used, these are effective inhibitors of both proteasomal and calpain-mediated proteolysis. We therefore also measured the effect of lactacystin, a more specific proteasomal inhibitor (29) . We found that lactacystin partially inhibits ABCA1 degradation, although not as efficiently as MG132 and ALLN, which is consistent with previous reports that calpain contributes to ABCA1 degradation independently of the proteasome (28) . In contrast, lactacystin inhibited ABCG1 degradation almost as efficiently as MG132 and ALLN, indicating that calpain probably makes little contribution to ABCG1 degradation. Lysosomal protease inhibitors chloroquine (Fig. 9 ) and ammonium chloride (data not shown) were ineffective.
Proteins are targeted for proteasomal degradation by the covalent attachment of ubiquitin molecules to lysine residues, and proteasomal inhibitors lead to the accumulation of ubiquitinated ABCA1 and ABCG1 (23) . To determine whether cholesterol loading changed the ubiquitination status of ABCG1, ABCG1-678-CHO cells were incubated in the presence of MG132 with or without cholesterol/CD. MG-132 completely blocks proteasomal degradation of ABCG1 (Fig. 9B ) so that ubiquitinated protein will accumulate. As expected, under these conditions cellular ABCG1 protein levels were similar in the presence or absence of cholesterol loading (Fig. 10A, lanes 5  and 6) . Overall cell protein ubiquitination was not altered by expression of ABCG1 (Fig. 10A, lanes 1 versus lanes 2 and 3) or by cholesterol loading (Fig. 10A, lanes 1 and 2 versus lane 3) . Cell lysates then were immunoprecipitated using an antibody against ABCG1, and the products were separated by SDS-PAGE and blotted for ubiquitin and ABCG1 (Fig. 10B) . Significantly, the extent of ABCG1 ubiquitination was strongly repressed by cholesterol loading (Fig. 10B, lane 2 versus lane 3) .
Similar results were obtained for ABCA1 (Fig. 10, C and D) . Taken together, these data indicate that ABCA1 and ABCG1 are degraded by the ubiquitin-proteasome pathway and that their ubiquitination and subsequent degradation are inhibited by cholesterol loading.
DISCUSSION
Maintenance of cholesterol homeostasis is essential for normal cell function. Removal of excess cholesterol is achieved through apoA-I and HDL-mediated export, which requires the activity of membrane transporters such as ABCA1 and ABCG1 (30 -32) . However, cholesterol is an essential component of all cell membranes, and so its export must be closely regulated. It is therefore logical that both ABCA1 and ABCG1 are sterol-sensitive genes whose expression is closely regulated at the transcriptional level. In addition, post-translational regulation of these transporters is now recognized as an additional important mechanism for the control of their activity in many tissues (7) . In the present study, we investigated the influence of cell cholesterol status on ABCA1 and ABCG1 protein expression and demonstrated that modest increases in cell cholesterol exert a rapid and positive effect on transporter protein levels and activity. Increases in ABCG1 protein were detected as rapidly as 1 h after cholesterol addition, suggesting that this may represent a significant mechanism for acute regulation of cholesterol transporter activity in response to fluctuations in cell cholesterol levels. To our knowledge, this is the first report of cholesteroldependent post-translational control of ABCA1 and ABCG1 protein levels.
In a recent study, we observed that two isoforms of human ABCG1 are degraded at different rates under basal conditions (15) . These isoforms differ only by a 12-amino acid cytoplasmic domain, which is associated with a 2-3-fold difference in their rates of degradation (15) . In the present study, we observed that the turnover of both ABCG1 isoforms was altered by cholesterol loading, indicating that this mechanism is common to both isoforms and therefore distinct from the isoform-specific control of ABCG1 turnover. Because turnover of ABCA1 protein is similarly regulated by cholesterol loading, this suggests that cholesterol-dependent suppression of transporter degradation may be mediated by factors common to both ABCA1 and ABCG1. Whether other membrane proteins involved in cholesterol homeostasis are also affected by this mechanism is currently unknown. It is noteworthy that we demonstrated that several other, unrelated, membrane-associated proteins (Na/KATPase, EEA1, transferrin receptor, and SR-BI) were not affected by cellular cholesterol enrichment.
A previous study showed that LXR-␤ can interact directly with ABCA1 protein, to retard its degradation (33) . We consider it unlikely that a similar mechanism underlies the cholesterol-sensitive regulation of ABCG1 degradation that we observed here. First, in the above study addition of the synthetic LXR ligand T0901317 disrupted the interaction between ABCA1 and LXR-␤ leading to accelerated degradation of ABCA1, whereas under similar conditions we found no effect of this LXR ligand on ABCG1 degradation (Fig. 3C) . Second, this model predicts that cholesterol loading and associated increases in endogenous oxysterol LXR ligands would accelerate transporter degradation rather than inhibit degradation of both ABCA1 and ABCG1 as we observed.
Several cellular mechanisms are involved in degradation of membrane proteins, which is complex because different parts of the protein are on opposite sides of the membrane. Endoplasmic reticulum membrane proteins can be extracted from their membrane back into the cytoplasm (retrotranslocation), where they are ubiquitinated and degraded by the proteasome (34) . This mechanism is used to degrade proteins that are incorrectly folded in the ER or lack other appropriate post-translational modifications, as well as to short-lived proteins that are rapidly degraded when not needed. In contrast, plasma membrane proteins can be collected in vesicles formed through invagination and vesiculation of regions of the plasma membrane containing the protein, creating vesicles within endosomes (35) . Fusion of these endosomes with lysosomes leads to complete degradation of the vesicular membrane and its proteins. Ubiquitination also participates in this process by signaling the targeting of specific proteins through this process (36) .
Cholesterol-sensitive protein turnover is already known to occur by both of these mechanisms. For example, the rates of proteasomal degradation of several integral ER proteins involved in cholesterol synthesis and metabolism (HMG-CoA reductase, squalene monooxygenase, and the precursors of SREBP-1 and -2) are accelerated in response to cholesterol accumulation (37-39). Conversely, accelerated degradation of the LDL receptor in response to cholesterol accumulation occurs by ubiquitin-targeted lysosomal degradation, mediated by LXR-sensitive expression of Idol, an E3 ligase (40) .
It is already known that ABCA1 and ABCG1 can be degraded by proteasomal mechanisms (13, 23, 41, 42) , and this was confirmed in the present study, where degradation of both ABCA1 and ABCG1 was completely inhibited by proteasomal inhibitors, whereas lysosomal inhibitors were ineffective. This indicates that this process occurs in the endoplasmic reticulum and involves retrotranslocation. Proteins are usually targeted for proteasomal degradation by covalent addition of polyubiquitin chains. Normally the specificity of protein ubiquitination is determined by ubiquitin ligases (E3), a diverse class of enzymes that catalyzes transfer of ubiquitin to specific target proteins. Our data provide evidence that ABCA1 and ABCG1 proteins are ubiquitinated and that this is strongly suppressed by cholesterol loading. Moreover, cholesterol loading did not further increase cellular levels of ABCA1 and ABCG1 protein in the presence of proteasomal inhibitors. This suggests that the cholesterol-dependent increase in ABCA1 and ABCG1 protein is mediated through reduced ubiquitination of these proteins and thus decreased proteasomal degradation. At the present time the specific mechanism by which cholesterol controls ubiquitination of ABCA1 and ABCG1 is not known. Cholesterol loading did not affect overall protein ubiquitination in our system, suggesting that it may involve a relatively specific cholesterolsensitive E3 ligase or deubiqitinating enzyme. Recently, it was suggested that ABCA1 ubiquitination and proteolysis are controlled by the COP9 signalosome, and it would be interesting to determine whether this entity is cholesterol-sensitive (42) . Several E3 ligases are known to exert cholesterol-dependent effects on the turnover of other membrane proteins (38, 39, (43) (44) (45) . Further study is required to define the exact processes that change in response to cell cholesterol status to control ABCA1 and ABCG1 turnover.
Ubiquitination and proteasomal degradation are known to control the turnover of several other ABC transporters, including the cystic fibrosis transmembrane conductance regulator (ABCC7) (46) and the breast cancer resistance protein (ABCG2) (47) . However, in these cases accelerated degradation is associated with mutated forms of these proteins and likely involves endoplasmic reticulum-associated protein degradation, a cellular pathway that targets misfolded proteins in the endoplasmic reticulum for ubiquitination and subsequent proteasomal degradation (48) . An endoplasmic reticulum surveillance system, the "unfolded protein response" continuously monitors and coordinates the processing and degradation pathways for unfolded proteins. Interestingly, the unfolded protein response is also activated by very high levels of free (unesterified) cellular cholesterol, such as that found in macrophages following uptake of acetylated LDL in the presence of an ACAT inhibitor (49) . In these conditions, proteasomal degradation of ABCA1 protein is accelerated (17) . However, the same study noted that when ACAT inhibition was omitted during cholesterol loading, resulting in a less dramatic increase in free cholesterol (ϳ2-3-fold increase over basal levels (50)), ABCA1 protein was stabilized. These increases in free cholesterol are similar to those used in the present study, where we found that both ABCA1 and ABCG1 proteins were stabilized in human macrophages, as well as overexpressing model cells. We suggest that such intermediate increases in cell cholesterol promote a protective mechanism that is relatively specific to these cholesterol transporters and that, by limiting their degradation, maintains the capacity of the cells to export this excess cholesterol and to restore cell cholesterol balance.
Plasma membrane localized ABCA1 can also be degraded by ubiquitin-dependent lysosomal proteolysis in human hepatoma cells and THP-1 macrophages (51). This appears distinct from the calpain-mediated degradation pathway for ABCA1, which occurs in the absence of apolipoprotein A-I or other helical apolipoprotein acceptors of cell cholesterol (52, 53) (reviewed in Ref. 28 ). The calpain pathway depends on phosphorylation of a PEST sequence in the central intracellular loop of ABCA1, which is suppressed in the presence of apoA-I at physiological levels. This probably explains why we observed that calpain-mediated proteolysis contributed only modestly to ABCA1 degradation in our studies, because they were performed in media containing 0.5% serum. Calpain-mediated degradation of plasma membrane localized ABCG1 and ABCA7 have also been reported (25, 54) , although in our studies we observed no obvious calpain-dependent degradation of ABCG1. However, only 10 -20% of cellular ABCG1 is expressed at the plasma membrane, 4 and more targeted studies may be needed to detect changes in turnover of this minor proportion of ABCG1 protein. The mechanisms by which ABCG1 and ABCA7 are targeted to calpain are not understood, although it has been suggested that ABCG1 contains a PEST domain in its amino-terminal cytosolic domain. It would be of interest to determine whether these calpain and lysosomal pathways are also sensitive to cell cholesterol status. Similarly, the relevance of cholesterol-dependent control of proteasomal degradation to other ABC transporter members, particularly those implicated in lipid metabolism and traffic, merits investigation.
In summary, the turnover of both ABCA1 and ABCG1 proteins responds very rapidly to fluctuations in cell cholesterol, which may provide a responsive acute control of cholesterol export capacity. The relative importance of this post-translational control of transporter expression, in addition to cholesterol/LXR-dependent transcriptional regulation, remains to be determined.
